Rapid (8-12 Hz) stimulation of intact heart muscle treated with ryanodine results in steady contractile activation known as tetanus, the amplitude of which can be graded by changing extracellular Ca 2+ concentration ([Ca 2+ ] 0 ). The mechanism of the sustained force generation was explored in ferret papillary muscles by measuring membrane potential and by determining the responsiveness of force and intracellular free Ca 2+ concentration ([Ca 2+ ],, estimated with aequorin) to dihydropyridine Ca channel ligands. Membrane potential during tetani ranged from -25 to -60 mV, suggesting that fast or slow Ca channels, or Na-Ca exchange, might be mediating Ca 2+ entry. Dihydropyridine effects indicated that slow Ca channels play a predominant role: The agonist Bay K 8644 (0.3-1 /xM) increased force and aequorin luminescence, whereas the antagonist nitrendipine (1-30 /xM) abolished the tetanus. Under conditions analogous to those in the papillary muscle experiments, tetani were produced in whole Langendorff-perfused ferret hearts following exposure to ryanodine. Contraction saturated as a function of |Ca 2+ ] 0 in both papillary muscles and whole hearts; i.e., as [Ca 2+ ] 0 was increased above 10 mM, no further increase in force or pressure generation occurred. In contrast, aequorin luminescence measured in the papillary muscles showed no such saturation. Thus, maximal Ca 2+ -activated force (or pressure) was achieved during tetani at [Ca 2+ ] o 2 10 mM. Calculations of wall stress during tetani in whole heart (15 mM [Ca 2+ ] 0 ) agree well with direct measurements of maxima] tension in papillary muscles (5.84 g/mm 2 vs. 6.41 g/mm 2 , respectively). We conclude that maximal Ca 2+ -activated force (or pressure) can be produced during tetani at high [Ca 2+ ] 0 in either whole hearts or isolated papillary muscles following exposure to ryanodine. (Circulation Research 1986; 59:262-269)
U NLIKE skeletal muscle, the heart normally contracts only briefly and then relaxes, never reaching steady levels of activation. Nevertheless, steady force (or pressure) development in heart muscle is of considerable basic interest. The fundamental processes of excitation-contraction coupling, including activation of the contractile proteins by Ca 2+ , do not reach steady state during the time course of a twitch.' Under these non-steady-state conditions, it has been impossible to demonstrate saturation of force with respect to intracellular free Ca 2+ concentration (i.e., maximal Ca 2+ -activated force). Characterization of maximal force and its regulation would help clarify a number of areas of considerable uncertainty. Changes in maximal force have been proposed to underlie the positive inotropic effect of cate-cholamines, based on the increase in maximal force observed with /3-adrenergic stimulation in rat ventricular muscle "skinned" by EGTA. 2 Conversely, a decrease in maximal force, due to the intracellular accumulation of H + (Reference 3) or inorganic phosphate, 4 -5 may figure prominently in the early contractile failure of hypoxia. Because of ambiguities surrounding the measurement of maximal force, it has not been possible to test these important hypotheses in intact heart.
Yue, Marban, Wier 6 have recently described tetanization of mammalian heart muscle as a strategy for producing steady activation in ferret papillary muscles. When muscles were stimulated at a high frequency after exposure to ryanodine, an inhibitor of Ca 2+ release from the sarcoplasmic reticulum, steady levels of tension and free intracellular Ca 2+ concentration ([Ca 2+ ],) were reached within seconds. Variation of the extracellular Ca 2+ concentration, [Ca 2+ ] 0 , yielded a broad range of [Ca 2+ ], and tension levels during tetani. Using this approach, Yue and coworkers were able to determine some basic features of the steady state [Ca 2+ ],-tension relation in intact heart muscle.
In the present study, we investigate the basic mechanism of tetani in ferret papillary muscles. By measuring membrane potential during tetani and determining the effects of dihydropyridine Ca channel ligands on aequorin luminescence and force, we assess the relative roles of slow Ca channels and other Ca 2+ entry pathways in providing activator Ca 2+ for the tetanus.
We also describe, for the first time, the tetanization of whole hearts (from the same species and under virtually identical experimental conditions). The dependence of tetanic force on [Ca 2+ ] o was compared in isolated muscle and in the intact heart to provide evidence that tetani in perfused heart are analogous to those in isolated muscle and that maximal Ca 2+ -activated force can be elicited in either type of preparation.
Materials and Methods
Hearts were removed rapidly from 8-to 14-weekold ferrets anesthetized with sodium pentobarbital (80 mg/kg i.p.). The papillary muscle and whole-heart methods will be discussed separately below, but several features were purposely kept identical to facilitate comparison between the two approaches. All experiments were done at 30° C, using 100% O 2 -bubbled Tyrode solution of the following composition (in mM): NaCl, 108; KC1, 5; MgCl 2 , 1; HEPES, 5; Na acetate, 20; glucose, 10; CaCl 2 , 2; pH = 7.4. CaCl 2 was decreased or added as required to achieve the desired concentration in the perfusate or superfusate. HEPES was chosen over a bicarbonate/phosphate buffer because [Ca 2+ ] 0 can be increased without fear of Ca carbonate or Ca phosphate precipitation.
Papillary Muscles
Papillary muscles (diameter 0.60 ±0.14 mm, mean ± SEM, n = 9) were excised from the right ventricle and mounted isometrically in a constant-temperature bath with the tendinous end attached to a tension transducer (Kulite Semiconductor Products, N.J., model BG-10). Muscles were stimulated at 0.66 Hz and superfused with 1 mM [Ca 2+ ] o during a 1-hour stabilization period, following which 40-200 superficial cells were microinjected with aequorin (Dr. J.R. Blinks, Mayo Medical Center, Rochester, Minn.) as described previously (e.g., see Reference 7) . After another hour of equilibration, a parabolic mirror was positioned above the microinjected area, muscle length was adjusted to the length at which tension was maximal (1,^,), and an opaque box was lowered over the bath and its associated micromanipulators. In experiments requiring the measurement of membrane potential, the mirror was not used and membrane potential was measured differentially with respect to a low-resistance microelectrode positioned in the bath near the intracellular recording site.
Aequorin Luminescence Measurements and Estimation of [Ca 2+ ],
Luminescence was collected onto a photomultiplier tube (EMI 9893B) located beneath the preparation, and photons were counted using an amplifier-discriminator (Princeton Applied Research, model 1121 A). Records were signal-averaged when required on a digital oscilloscope (Princeton Applied Research, model 4203). Force and membrane potential signals were recorded simultaneously on magnetic tape. [Ca 2+ ], was estimated from aequorin luminescence as described by Allen and Blinks, 8 using Triton X-100 at the end of each experiment to determine maximal aequorin luminescence (L,^). Aequorin signals, expressed as fractional luminescence (L/L^J, were referred to a calibration curve determined in vitro in 154 mM KG, 2 mM MgCl 2 , and pH 7.2 (see Yue et al 6 for the equation describing the curve). To facilitate analysis, [Ca 2+ ], signals were filtered digitally in some experiments as previously described. 6 
Whole Perfused Hearts
Ferret hearts were excised rapidly as described above, the only modification being the prior administration of heparin (5,000 U i.p.) to prevent hemocoagulation. The heart was washed in Tyrode solution, then mounted on a cannula that was inserted into the aorta above the aortic valve and tied securely (e.g., Hollis et al 9 ). Langendorff perfusion with standard Tyrode solution at 30° C was initiated within 1 minute at a constant hydrostatic pressure of 65 mm Hg (unless otherwise noted). An agar wick soaked in saturated KC1, encased in polyethylene tubing, was placed in the right ventricle through the pulmonary artery and connected to one pole of a Grass SD9 stimulator. The other pole was connected to a metal rod in contact with the perfusate several centimeters above the heart. A latex balloon tied to the end of a polyethylene tube was passed into the left ventricle through the mitral valve and connected to a Statham P23DB pressure transducer. The balloon was filled with aqueous solution to an end-diastolic pressure of 5-15 mm Hg, then kept isovolumic throughout the experiment. Left ventricular pressure was recorded on a Brush chart recorder. Hearts were weighed at the conclusion of each experiment.
Tetanization of Papillary Muscle and of Whole Hearts
Isolated papillary muscles were quiescent unless stimulated. During exposure to ryanodine (5 /xM; Penick Corp., Lyndhurst, N.J.), tetani were induced by rapid repetitive field stimulation at 8-10 Hz with stimulus durations of 40-50 msec for periods of 2-4 seconds. 10 " Tetani were found to be quite reproducible when separated by "rest" intervals of 45-90 seconds, during which twitches were evoked at 0-0.66 Hz.
The method for inducing tetani in whole hearts was quite similar, with the following modifications. After at least 30 minutes of equilibration in HEPES Tyrode containing 2 mM [Ca 2+ ], ryanodine (1-5 fiM) was added to the perfusate and maintained until developed pressure reached steady state (approximately 20 minutes). Thereafter, the effects of ryanodine were quite irreversible 12 so that the drug no longer had to be included in the perfusate. Similar results were obtained at ryanodine concentrations of 1, 3, and 5 /XM. Spontaneous pacemaker activity persisted in the whole heart after exposure to ryanodine. The rate was sufficiently slow at 30° C (0.5-1 Hz) that the hearts did not "tetanize" spontaneously (although end diastolic pressure increased by approximately 5 mm Hg after exposure to ryanodine, as expected from the slow relaxation of ryanodine-treated ventricular muscle 1314 ). Tetani were elicited using rectangular pulses of 50-70 msec duration at 8-12 Hz and 1.5-2 x threshold. Steady developed pressure was achieved within 1-2 seconds (e.g., Figure IB ), but tetani were purposely made longer (up to 25 seconds) in some experiments. As in the isolated muscle, tetani were separated by "rest" periods of 45-90 seconds during which the heart contracted spontaneously.
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Results
Papillary muscles in the presence of ryanodine respond to rapid stimulation (indicated by the hash marks below the force record) with fused, steady force (tetanus), as shown in Figure 1A . At the high [Ca 2+ ] 0 used here (14 mM), tetanic force rises to a peak within 1 second, and relaxes when stimuli are discontinued. We found qualitatively similar behavior in the perfused whole hearts ( Figure IB) . The twitch contractions shown on either side of the tetanus occur spontaneously in the perfused heart; only the tetanus is evoked by external stimulation. Developed pressure peaks rapidly and remains fairly steady until stimuli are discontinued. In the whole heart, twitch height was lower relative to the tetanus than in papillary muscles at similar [Ca 2+ ] 0 (compare Panels A and B). The difference in relative twitch height between the two records may arise from differences in preload. Papillary muscles were adjusted to 1,^, whereas left ventricular volume in the perfused hearts was adjusted to an arbitrary enddiastolic pressure (5-15 mm Hg; see "Materials and Methods").
Although results from the two methods were mutually consistent, each had individual strengths with respect to investigation of the mechanism and characteristics of the tetanus. The papillary muscle is wellsuited for recordings of membrane potential and aequorin luminescence. On the other hand, the whole heart, being perfused via the endogenous coronary system, can be used to study the effects of changes in coronary flow and offers the possibility of correlation with myocardial energetics using simultaneous 31 P NMR measurements. We will first describe experiments on the mechanism of tetani performed with isolated muscles, then relate these results to the perfused heart.
. Contraction during twitches and tetani in papillary muscle (A) and whole perfused heart (B). A: Tension in a ferret right ventricular papillary muscle superfused with 14 mM
[Ca 2+ ] 0 and stimulated at the times indicated by the hash marks below the tension record. B: Left ventricular developed pressure in a Langendorff-perfusedferret heart ([Ca 2+ ] 0 = 75 mM) stimulated at the times indicated below the pressure record. 
Role of Surface Membrane Depolarization
Action potentials become quite long in the presence of ryanodine, 14 consistent with slowed inactivation of the inward Ca current. 13 Although membrane potential has not been measured directly during cardiac tetani, it has been presumed that rapid stimulation maintains the membrane depolarized and that this depolarization in turn leads to sustained contraction in the presence of agents that interfere with the normal function of the sarcoplasmic reticulum. Nevertheless, direct measurements are required to demonstrate that surface membrane depolarization accompanies the tetanus and to determine whether such depolarization is steady or is interrupted by periods of repolarization. Figure 2 shows membrane potential and tension in a papillary muscle during tetani. The gaps in the membrane potential record correspond to the 40-msec-long stimulus artifacts. Just after each stimulus the membrane is depolarized to about -25 mV and repolarizes to at least -60 mV before the next stimulus. At the end of the tetanus, a slow afterdepolarization occurs, with the membrane potential returning to -84 mV only after 6-8 seconds (not shown). These observations were confirmed in two other muscles in which membrane potential was measured during tetani. The origin of the slow afterdepolarization remains obscure; such depolarization could arise from an electrogenic Na-Ca exchange functioning to extrude Ca 2+ from the cell (cf. Corabouef et al 16 ).
In the presence of ryanodine, Ca 2+ release from the SR appears to be inhibited 17 (cf. Fabiato 18 ), so that contractile activation may depend largely or even exclusively on Ca 2+ entry. 19 The observation that membrane potential fluctuates in the -25 to -60 mV range during tetani raises questions regarding the sarcolemmal pathway responsible for Ca 2+ entry under these conditions. At least three such pathways need to be considered: slow (L-type) Ca channels; fast (T-type) Ca channels; and Na-Ca exchange. Both slow and fast Ca channels are genuine candidates since the measured membrane potential would allow either to be active. 2021 Similarly, some models of Na-Ca exchange (e.g. Mullins 22 ) predict net Ca 2+ influx in this range of membrane potentials.
Dihydropyridine Ca channel agonists increase the open state probability of slow Ca channels but have no effect on fast Ca channels 21 or on Na-Ca exchange. In an attempt to distinguish between these various pathways, we tested the effects of the dihydropyridine agonist compound Bay K 8644 on tension and aequorin luminescence in papillary muscles. Figure 3 shows tension, aequorin luminescence and calculated [Ca 2+ ], before (A) and during (B) exposure to Bay K 8644 (300 nM). At this submaximal level of activation ([Ca 2+ ] O = 6 mM), Bay K 8644 induced a clear-cut increase in tension and aequorin luminescence during tetani. At higher [Ca 2+ ] o , [Ca 2+ ], still increased with Bay K 8644, but tension appeared to saturate. 6 These effects of Bay K 8644 were confirmed in 7 other preparations. Conversely, we found that the dihydropyridine antagonist nitrendipine (1-30 /AM) completely abolished tetanic (and twitch) tension in three preparations after exposure to ryanodine, as did nifedipine (1 IAM) in another experiment. The sensitivity of tension and [Ca 2+ ], to dihydropyridine compounds provides strong evidence that most of the Ca 2+ entry during the tetanus occurs via slow Ca channels and not via fast Ca channels or Na-Ca exchange. At least after exposure to ryanodine, the dihydropyridine-insensitive pathways do not contribute significantly to the generation of contractile force."
Saturation of Force with Respect to [Ca 2+ ] l
Simultaneous measurements of tension and [Ca 2+ ], during tetani indicate that force reaches a level at which further increases in [Ca 2+ ], are not matched by concomitant increases in force. A hint of this apparent saturation is evident in Figure 3 [Ca 2+ ], between b and c indicates near-saturation of force with respect to [Ca 2+ ],.
Further increases in [Ca 2+ ] 0 yield tetani with different [Ca 2+ ], but virtually identical steady force. 4B shows force and L/L^ during tetani at 12 mM (a) and 18 mM (b) [Ca 2+ ] 0 . The force at 18 mM [Ca 2+ ] 0 is distinguishable from that at 12 mM only by the fact that it relaxes more slowly; nevertheless, there is a clear-cut difference in [Ca 2+ ], throughout the two tetani. This evidence supports the idea that maximal Ca 2+ -activated force is attained during tetani at high [Ca 2+ ] 0 . In 7 experiments in which a broad range of [Ca 2+ ], was achieved, 95% of maximal Ca 2+ -activated tension occurred at [Ca 2+ ], = 0.85 fiM. 6 
Saturation of Developed Pressure in Perfused Heart
In analogy to the papillary muscle experiments, we varied [Ca 2+ ] 0 in the perfusate of ryanodine-treated, Langendorff-perfused whole hearts to determine whether a similar saturation phenomenon could be observed. Original records of tetani from such an experiment are shown in the upper panel of Figure 5 . As [Ca 2+ ] 0 was increased from 2 to 10 mM, peak pressure increased, and the decline of pressure during the tetanus became less marked. In contrast, little difference was apparent between 10 and 15 mM [Ca 2+ ] o . Pooled results from all the experiments are presented in the lower panel. Maximal pressure during the tetanus is plotted as squares, and the pressure of the twitch just before the tetanus is plotted as triangles. The developed pressure during tetani at 15 mM [Ca 2+ ] 0 was used to normalize other pressures in each experiment; means and standard errors are plotted for each point. Tetanic pressure was virtually identical at 10, 15, and 20 mM [Ca 2+ ] 0 , while twitch pressure continued to increase gradually over this range. Further increases in twitch, but not tetanic, pressure could be elicited by addition of Bay K 8644 (300 nM) to the 20 mM [Ca 2+ ] 0 perfusate.
The mechanism of the small but significant decline in tetanic (but not twitch) pressure with Bay K 8644 is not clear. Such a decline was not noted in superfused papillary muscles. 6 In the perfused heart, subendocardial ischemia due to the coronary vasospastic effect of Bay K 8644" may play a role. In two experiments in which total coronary flow was measured before and during exposure to Bay K 8644, flow declined by 10-15% during perfusion with the drug.
Comparison Between Results from Isolated Muscles and Whole Hearts
These observations suggest that developed pressure in the perfused heart saturates at the levels of [Ca 2+ ], achieved during tetani in 10 mM (or higher) [Ca 2+ ] 0 . Unfortunately, we were unable to measure [Ca 2 +], in the whole heart. We correlated the results from papillary muscles (where [Ca 2+ ], was measured) and whole hearts in two ways. First, we checked whether a comparable [Ca 2+ ] o was required for saturation in whole heart and in papillary muscles under similar conditions. In papillary muscles, force was 95% saturated with respect to [Ca 2+ ], at [Ca 2+ ], = 0.85 /xM. 6 maximal Ca 2+ -activated tension measured in the papillary muscles to the estimates of wall stress derived from our pressure data in the whole heart. Because of the geometric approximations that are required in deriving wall stress (a) from pressure (p), only a rough agreement can be expected. 24 We assumed a spheroidal model for the left ventricular cavity in which the ratio of the minor semi-axis (a) to the major semi-axis (b) equalled 1.5. Left ventricular wall thickness (h) measured in 5 representative hearts was approximately 3.0 mm. In 12 experiments, maximal pressure (mean = 290 mm Hg ± 8.5 SEM) and left ventricular mass (3.5 g) were determined simultaneously. The value of the minor semi-axis (a) was calculated as mean = 0.63 cm from the measured mass and wall thickness (assuming a myocardial density of 1). From these values we can derive circumferential wall stress (a 2 ) using the following equation 24 : o = pa(2b 2 -a 2 ) h (2b 2 + ah) Wall stress during the tetanus calculated in this manner equals 5.84 g/mm 2 , slightly less than the mean value of 6.41 g/mm 2 measured in 12 maximally activated papillary muscles. 6 Stress in the ventricular wall will tend to be lower than in the papillary muscles, because the muscles were adjusted to 1^, whereas preload was not optimized in the whole heart experiments. Estimates of wall stress made using different geometric assumptions (spherical model, thin or thick wall 25 gave results within 10% of the above calculation. This result from the two complementary approaches supports the notion that maximal Ca 2+ -dependent contractile activation can be achieved during tetani in both papillary muscles and whole hearts.
Features of Tetani in Perfused Heart
When tetani in the perfused heart are separated by unstimulated periods lasting 45-90 seconds, the pressure achieved remains quite stable from one tetanus to the next. Figure 7 illustrates this stability in a whole heart perfused with 15 mM [Ca 2+ ] 0 . Tetani of 4 seconds duration were induced once every 60 seconds. The continuous record of developed pressure shows that maximal pressure is reproducible over 10 tetani. In other experiments, up to 64 tetani were induced repetitively with less than a 5% decline in peak force. This stability contrasts with the progressive, poorly understood run-down of force in chemically skinned myocardial preparations. 26 A consistent feature of tetani is the decline of force (or pressure) during sustained contraction, even at maximal levels of activation. This phenomenon has long been recognized in tetani of skeletal muscle and has become known as "fatigue". 27 The extent of fatigue is small in papillary muscles when tetani are kept brief (Figure 4 ), but can be quite pronounced during longer tetani, particularly in whole hearts (top panel, Figure  5 ). During maximally activated tetani in the whole heart, left ventricular pressure exceeds the usual perfusion pressure of 65 mm Hg, producing transient ischemia at a time when energy demand is increased. l0 Such supply/demand imbalance might be less severe in the continuously superfused papillary muscle, in which oxygen remains available by diffusion.
We investigated the possibility that the fatigue is due to (or aggravated by) ischemia by comparing long tetani at the usual perfusion pressure with tetani at a significantly higher perfusion pressure. Figure 8A shows an 8 second-long tetanus in a whole heart perfused with 15 mM [Ca 2+ ] o , at the conventional constant pressure of 65 mm Hg (coronary flow rate 20 rruVmin). Force declined by 40% over the course of the tetanus. Perfusion pressure was then increased to 155 mm Hg by increasing coronary flow to 60 ml/min using a peristaltic pump. With the higher perfusion pressure, force during the tetanus declined by only 20%. This observation, which was confirmed in two other hearts, lends credence to the notion that fatigue is due to a transient imbalance between energy supply and demand during the tetanus. The mechanism of fatigue is investigated further in the accompanying paper. 28
Discussion
We propose the following mechanism for tetani in the heart. Rapid electrical stimulation repeatedly opens "slow" Ca channels, producing sustained Ca 2+ entry. The availability of Ca channels for such repetitive opening is enhanced by two previously reported effects of ryanodine on ionic channels: slowing of Ca current inactivation, 15 and delayed activation of outward K channels. 17 In the presence of agents that slow relaxation (e.g., by interfering with Ca 2+ sequestration by the SR), tension summates. The two prerequisites are sustained Ca 2+ influx and delayed relaxation. This proposal predicts that other interventions that couple repetitive activity and slowed relaxation would also result in tetanus. Indeed, we have observed that ferret ventricular muscle loaded with the Ca 2+ buffer BAPTA 29 contracts tetanically during rapid repetitive depolarization (E. Marban, S.W. Robinson, and W.G. Wier, unpublished observation).
In ferret myocardium exposed to ryanodine, contractile force during both the tetanus and the twitch depends strongly on extracellular Ca 2+ . Several features suggest that tension under these conditions arises directly from trans-sarcolemmal Ca 2+ entry. First, twitch force increases directly with increasing [Ca 2+ ] 0 over a much broader range (0.5->20 mM) than in ferret muscle not treated with ryanodine, in which twitch force reaches a maximum at less than 8 mM [Ca 2+ ] o then declines at higher [Ca 2+ ] O . M The monotonic increase of twitch force as [Ca 2+ ] 0 is increased over a broad range would be expected if Ca channel permeation were determining the Ca 2+ transient independent of Ca 2+ release by the sarcoplasmic reticulum. 31 Second, the augmentation (or suppression) of tetanic force by dihydropyridine agonists (or antagonists) suggests a dominant role for Ca 2+ entry via slow Ca channels in determining the availability of activator Ca 2+ . Although we cannot exclude some residual Ca 2+ -induced Ca 2+ release by the SR after exposure to ryanodine, 18 the effects of the drug in intact tissue do not require that such release be postulated.
Comparison with "Skinned" Muscle Experiments
The most direct way of studying the myofilaments is by exposing them to experimental control, as is made possible by removing the surface membrane ("skinning") chemically or mechanically. Unfortunately, the intracellular constituents may be drastically altered with this approach, as is well recognized. 32 Ultrastructural abnormalities occur: The sarcoplasmic reticulum, when present, becomes swollen, 33 as does the myofilament lattice. 34 Several discrepancies between skinned preparations and intact muscle are worth noting. Maximal force in chemically skinned muscles is usually lower than twitch or tetanic force in the intact preparations prior to skinning, 35 ' x although this is not the case in skinned single heart cells. 37 The chemically skinned multicellular preparations can be quite unstable, as manifested by a problematic rundown of "maximal" force and an increase in "resting" force with successive contractions. 26 Finally, results can vary considerably depending on the thickness of individual skinned muscle preparations, 5 pointing out the possibility of significant diffusion restrictions.
The principal advantage of the intact preparations described here is that the intracellular contents need not be exposed to the bathing solution. As a result, the aforementioned complications of skinned preparations are avoided. Maximal force measured during tetani in intact heart muscle always exceeds twitch force in the same preparation, even when twitch force is measured in high [Ca 2+ ] 0 and during post-extrasystolic potentiation before exposure to ryanodine. 6 The mechanical properties of tetani are also very stable, as illustrated in Figure 7 . Finally, perfusion through the endogenous capillary system eliminates any major diffusion barriers.
Myofilament Sensitivity and Maximal Force in Intact Myocardium
Most of our understanding of the steady-state Ca 2+ -tension relation in heart muscle is based on experiments in skinned muscle, in which steady activation can be produced at any Ca 2+ concentration. By sampling the entire range from resting to maximal force, Ca 2+ -tension relations obtained under different conditions can be compared directly. At least two general types of changes can occur, a shift of the curve or a change in maximal Ca 2+ -activated force. A shift in the midpoint of the curve (i.e., the [Ca 2+ ] required for 50% contractile activation) implies a change in myofilament sensitivity. In addition, the level of maximal force can be increased or decreased, which has the effect of "scaling" upward or downward all other forces at submaximal levels of activation. In intact heart muscle, the inability to produce steady-state activation or to determine maximal force, have restricted previous studies of "myofilament sensitivity" to the limited information that can be gained by comparing [Ca 2+ ], transients to twitch force. 7 The conclusions of such studies now need to be reexamined, especially in view of recent findings indicating that maximal force can be subject to modulation independent of myofilament sensitivity. 2 Maximal force is a unique point on the Ca 2+ -tension relation, in that it scales all other points at lower levels of activation. This characterisic makes maximal force attractive as a potential locus for the regulation of contractility. The approach described here for producing maximal contractile activation renders maximal Ca 2+ -activated force experimentally accessible for the first time in intact heart muscle. It is now possible to check whether maximal force in intact heart muscle changes as a consequence of /3-adrenergic stimulation 2 or of changes in length. 38 Two other factors that alter maximal force in skinned muscle, pH 3 and inorganic phosphate, 5 have been implicated as causative agents in the early contractile failure of hypoxia (e.g., Kubler & Katz. 39 ) The perfused heart preparation promises to be uniquely useful in this regard, opening the way for studying complex interventions such as ischemia and reperfusion, which can only be simulated in skinned muscle or in intact (but supervised) isolated heart muscle.
